With the current techniques available for mapping receptive fields, it is impossible to resolve the contribution of single cone photoreceptors to the response of central visual neurons. Using adaptive optics to correct for ocular aberrations, we delivered micron-scale spots of light to the receptive field centers of neurons in the macaque lateral geniculate nucleus. Parvocellular LGN neurons mapped in this manner responded with high reliability to stimulation of single cones.
With the current techniques available for mapping receptive fields, it is impossible to resolve the contribution of single cone photoreceptors to the response of central visual neurons. Using adaptive optics to correct for ocular aberrations, we delivered micron-scale spots of light to the receptive field centers of neurons in the macaque lateral geniculate nucleus. Parvocellular LGN neurons mapped in this manner responded with high reliability to stimulation of single cones.
Human vision is subserved by three types of cone photoreceptors that differ in spectral sensitivity, in density with respect to distance from the fovea and in relative abundance across individuals 1 . Because the receptive field centers of most neurons in the early visual system are composed of multiple cones, the question arises of whether the stimulation of just one cone is sufficient to activate retinal ganglion cells and, consequently, for stimuli to be perceived. Moreover, given the dispersal of photoreceptor signals through the retinal layers 2 , it is likely that different cones will vary in their efficacy at driving downstream neural activity. We found that thalamic responses could be reliably mapped by stimulating individual cones and that the probability of evoking a spike with each stimulus flash varied, in part because of exquisite sensitivity to the position of stimuli relative to each cone.
Ordinarily, a neuron's response properties are characterized by presenting stimuli on a screen while recording action potentials with an extracellular electrode 3 . This yields a receptive field that is delimited in time and space, indicating which stimuli are effective at driving the cell. Such a method does not provide direct identification of the cones feeding the receptive field. This method is also limited by optical aberration, diffraction, scatter, pre-retinal absorption and eye movement, all of which degrade visual stimuli. These limitations alter the location and spectral intensity of light impinging on the photoreceptors, making it difficult to map the cone field precisely, especially near the fovea, where cone spacing is only a few microns. To overcome these difficulties, we used an adaptive optics scanning laser ophthalmoscope (AOSLO) to visualize and directly stimulate the cones in vivo in the macaque 4, 5 (details in Supplementary Methods). Experiments were conducted using procedures approved by the University of California San Francisco Institutional Animal Care and Use Committee, in accordance with US National Institutes of Health guidelines. Neurons were recorded in the lateral geniculate nucleus (LGN), allowing us to explore receptive field properties that cannot be examined with traditional mapping techniques.
As expected from the retinotopic organization of the LGN, an orderly sequence of receptive fields was recorded in the left eye during an electrode penetration ( Fig. 1a) . Superimposed on the fundus photograph is a montage of AOSLO cone images (each image is 1.21 Â 1.21) used to aid navigation in the retina when searching for responsive cones. Once an LGN neuron was encountered, the first task was to find the retinal location where a flashed stimulus generated a response. We identified which cones produced the briskest firing by moving a flickering spot across the retina, which was a straightforward procedure because the cones being stimulated could be seen in real time (Supplementary Video 1).
The diameter of the cone field was then determined by plotting the neural response profile obtained by flashing a smaller stimulus pseudorandomly at locations spaced every 3 mm through the middle of the field (Fig. 1b) . These 3-mm square stimuli subtended 52 arcsec, which is approximately equal to the diameter of one cone's inner segment at 3.71, the eccentricity of this parvocellular ON-center field. Because the stimuli were constructed from a 30-Hz raster scan, the neural response was phase-locked to the frame rate, with the flash duration at each locus being about 5 ms (see Supplementary Fig. 1 for details). To control for retinal motion, we used a video-based algorithm to track cone positions (Supplementary Video 2 and Supplementary Fig. 2 ). Single stimulus flashes delivered to single cones reliably led to LGN spikes, with the likelihood of generating any spikes reaching 85% at the peak response location. Responses diminished sharply at the edge of the cone field, where a shift in the stimulus position of just 3 mm dropped the LGN spike probability to baseline, suggesting that light delivery was not affected seriously by optical blur or intra-retinal scatter. Toward the limits of the tested area, the probability of firing began to dip below the baseline level, presumably reflecting inhibition from the receptive field surround.
The response profile of neuron 1 (Fig. 1b) has variation in the spike probability at each stimulus location, particularly in the receptive field center. There are several possible sources for this variation. First, although parvocellular neurons are dominated by a single cone type, it is unclear whether this property arises from only one cone type being wired up to the field center or if one cone type simply outnumbers the others [6] [7] [8] . With the narrowband light that we used for stimulation (centered at a 680-nm wavelength), in vitro measurements of macaque spectral sensitivities would predict that L cones are 14-fold more sensitive than M-cones and 10 5.8 -fold more so than S cones 9 . However, the relationship between sensitivity differences and firing rate differences in downstream neurons is unclear, as neural responses often sum nonlinearly. Second, the synaptic weighting of the input from each cone to a ganglion cell, even from cones of the same type, may not be equal. Such variation in synaptic efficacy would be transmitted from ganglion cells to LGN neurons. Finally, a substantial source of variation could be the sensitivity of cones to the exact position of the stimulus, an effect that is heightened by their light-guide properties 10 .
To examine the sources of variability in more detail, it was crucial to first measure how well stimuli were restricted to single cones. As a direct test of the spatial effect of a stimulus spot, we recorded responses 61 from the fovea, where cones are more widely spaced. If intra-retinal scatter were minimal and the adaptive optics-corrected spots were small enough, stimuli targeted between cones would be unlikely to drive responses effectively. We flashed rectangular stimuli that had a narrow dimension that was smaller than the gap between cones in the adaptive optics images (Fig. 2a ). In this OFF-center cell, stimuli that impinged on a single cone (positions 8 and 9) generated the largest response, whereas flanking stimuli that landed between cones (for example, positions 7 and 10) evoked significantly fewer spikes (P o 0.05, one-tailed Fisher's exact test). The response did not go to baseline at the flanks because a fraction of light still landed on the adjacent cone profiles, as shown by the time-averaged energy distribution of the stimulus. As with the other LGN neurons that we recorded, some cones generated significantly different responses, even when stimuli were positioned over them in a similar fashion (for example, responses at positions 8 and 14 in Fig. 2a ; P o 0.05, one-tailed Fisher's exact test), implying that this neuron either received input from both L and M cones or had mixed cone weights. It is worth noting that cone-to-cone electrical coupling is present 11 , which will reduce the apparent discreteness of the stimuli actually delivered to the retina because coupled cones can funnel activity through single midget bipolar cells. Variable response levels for different cones were found in all parvocellular LGN neurons (n ¼ 6) and appeared more discrete when stimuli were kept small and positioned in small increments. The cone field for neuron 3, a parvocellular ON-center cell (Fig. 2b) , was probed with a 3-mm stimulus at twice the spatial resolution used for neuron 1 (Fig. 1b) . As the stimulus was shifted from cone to cone, the spike activity stepped to several distinct levels. The lowest response, which also showed a temporal delay, coincided with the extent of one cone, but was still above the background firing rate. This difference in spatiotemporal firing pattern suggests that an M cone was at this location, whereas the flanking higher responses probably originated from L cones. However, as mentioned earlier, it is also possible that color-tuned neurons are supplied by cones of the same type that differ in input strength. An instrument that allows stimulation with multiple wavelengths to facilitate direct assessment of the spectral tuning in each cone could address this issue.
Because LGN neurons respond reliably when only one of their cone inputs is stimulated, it suggests that single cone activation is sufficient for perception, even away from the fovea. This is supported by data showing that frequency-of-seeing curves asymptote well below 100% when small adaptive optics-corrected spots are flashed in a human subject missing a subpopulation of cones, as stimuli occasionally land in 'holes' in the photoreceptor mosaic 12 . In normal subjects, frequency-of-seeing curves are also liable to be affected when such stimuli fall between cones 13 . With the ability to probe visual responses in vivo at their elemental level, the single cone, it will be possible to investigate how variable cone weighting leads to the deviations from cone 'purity' seen for color-sensitive neurons in the LGN 14 and primary visual cortex 15 .
